Mammalian imprinted genes are frequently arranged in clusters on particular chromosomes. The imprinting cluster on human chromosome 11p15 is associated with Beckwith-Wiedemann syndrome (BWS) and a variety of human cancers. To clarify the genomic organization of the imprinted cluster, an extensive screen for differentially expressed transcripts in the 11p15 region was performed using monochromosomal hybrids with a paternal or maternal human chromosome 11. Here we describe an imprinted antisense transcript identified within the KvLQT1 locus, which is associated with multiple balanced chromosomal rearrangements in BWS and an additional breakpoint in embryonal rhabdoid tumors. The transcript, called LIT1 (long QT intronic transcript 1), was expressed preferentially from the paternal allele and produced in most human tissues. Methylation analysis revealed that an intronic CpG island was specifically methylated on the silent maternal allele and that four of 13 BWS patients showed complete loss of maternal methylation at the CpG island, suggesting that antisense regulation is involved in the development of human disease. In addition, we found that eight of eight Wilms' tumors exhibited normal imprinting of LIT1 and five of five tumors displayed normal differential methylation at the intronic CpG island. This contrasts with five of six tumors showing loss of imprinting of IGF2. We conclude that the imprinted gene domain at the KvLQT1 locus is discordantly regulated in cancer from the imprinted domain at the IGF2 locus. Thus, this positional approach using human monochromosomal hybrids could contribute to the efficient identification of imprinted loci in humans.
INTRODUCTION
Genomic imprinting is an epigenetic modification leading to the functional inequality of paternal and maternal genomes in somatic cells (1, 2) . This phenomenon plays an important role in early development and disrupted imprinting manifests as disorders involving developmental abnormalities, congenital diseases, malignant tumors and abnormal behavior (3) . More than 20 imprinted genes have been identified in mammals to date (4) , nevertheless genetic studies of uniparental disomies in mice and humans have demonstrated evidence for imprinting effects on many other chromosomal regions (5, 6) . Although it is obvious that DNA methylation has a crucial role in genomic imprinting (7) , DNA replication timing, chromosome nuclear organization and mitotic recombination frequencies are also associated with this process (8) (9) (10) (11) .
Intriguingly, it has become apparent that several imprinted genes are closely linked with oppositely imprinted transcripts (12) (13) (14) . An intronic CpG island in the mouse Igf2r gene is indispensable for repression of the paternally inherited allele and an unmethylated paternal CpG island is associated with the production of an oppositely imprinted antisense RNA (15) . Recently, the differentially methylated region of Igf2r was shown to consist of two cis-acting elements that bind specific proteins (16) . Multiple imprinted sense and antisense transcripts have also been found in a region upstream of the Igf2 gene (17) . These transcripts are associated with a direct repeat cluster which flanks differentially methylated regions of potential regulatory elements. In addition, previous studies have suggested that non-coding RNAs could induce silencing or activation of a chromosomal domain (18) . These observations imply a general role for antisense transcripts in the imprinting process.
Human chromosome 11p15 harbors at least eight imprinted genes in a chromosomal domain (4, 19) . This imprinted domain is genetically linked with BWS, a congenital overgrowth disorder with a predisposition to several embryonal tumors (20) (21) (22) . Frequent loss of heterozygosity (LOH) in the same region of 11p15 has been reported in a variety of adult tumors as well as embryonal tumors, including Wilms' tumor and rhabdomyosarcoma (23) . Functional assays using microcell-mediated chromosome transfer identified a region harboring at least one tumor suppressor gene in 11p15 (24) . Recently, a potassium channel gene, KvLQT1, which causes the long QT syndrome, was demonstrated to encompass a cluster of BWS chromosomal rearrangement breakpoints (BWSCR1) and one rhabdoid tumor breakpoint (25) . It is suggested that the BWS-associated translocations within the KvLQT1 gene disrupt an important imprinting element in the chromosomal domain. The molecular etiology of BWS, however, is not yet established.
Previously, mouse/human somatic cell hybrids containing an inactive human X chromosome have been demonstrated to maintain the inactive state of the X chromosome. Somatic cell hybrids have therefore been used to study the inactivation process and to identify genes that escape from X inactivation (26) (27) (28) . To develop an in vitro assay system for the investigation of imprinted loci in humans, we have established human monochromosomal hybrids with a human chromosome of defined parental origin, via microcell-mediated chromosome transfer (29, 30) . Expression and methylation studies demonstrated that the appropriate imprinting status of human loci was maintained in mouse A9 hybrids. In the present study, we screened expressed sequence tags (ESTs) which have been localized to the 11p15 region (31) using monochromosomal hybrids to identify transcripts that were expressed differentially between parental alleles. Here we describe the identification of LIT1, a novel imprinted antisense RNA within the KvLQT1 locus. In addition, we demonstrated that disrupted imprinting of LIT1 might contribute to the development of BWS but not Wilms' tumor.
RESULTS

Screening for differentially expressed transcripts using monochromosomal hybrids
To determine the allelic expression profiles of 100 ESTs in the 11p15 region, we performed RT-PCR analysis using mouse A9 hybrids containing a paternal or maternal human chromosome 11. Figure 1A showed that a cDNA clone corresponding to the human H19 gene was expressed only from the maternal chromosome. In contrast, H88273 was expressed only from the paternal chromosome, while equal allelic expression was Figure 1 . Identification of differentially expressed transcripts using monochromosomal hybrid cells. (A) Allele-specific expression profiles of human ESTs on chromosome 11p15. cDNAs from human chromosome donor fibroblasts (Fi), A9 hybrids containing a paternal (P) or maternal (M) copy of chromosome 11 and mouse A9 recipient cells (A9) were amplified using primers for 100 ESTs localized to the 11p15 region. (B) Physical map of the imprinted cluster on human chromosome region 11p15. BWSCR1 is the BWS breakpoint cluster region 1. 1632, CV581, B901, B23.1 and 1217 are cytogenetic translocation breakpoints of BWS germline rearrangements and TM87-16 is a rhabdoid tumor translocation breakpoint (22) . The arrows indicate the deduced transcriptional orientation. Two novel non-imprinted genes, TSSC4 and TSSC6, have recently been reported by Lee et al. (62) to locate telomeric to the KvLQT1 gene. CpG islands were identified using the GRAIL program. The extent of the overlapping genomic contigs spanning the KvLQT1 gene is shown by the horizontal bars, with accession numbers listed below. The lower panel shows the location of KvLQT1 exons (closed boxes) and paternally expressed ESTs (dots) in relative spacing. Exon numbers are indicated below the boxes (25) . The maternally methylated intronic CpG island is represented by the open box at the bottom of the figure. at Pennsylvania State University on February 23, 2013 http://hmg.oxfordjournals.org/ Downloaded from detected for a cDNA clone corresponding to the gene for the dopamine D4 receptor (DRD4), which has previously been reported to be biallelically expressed in the human brain (32) .
To verify the allelic expression of H88273 in humans, we sought to identify DNA polymorphisms within the transcribed region. Direct sequencing of PCR products from genomic DNAs of 36 individuals identified three single nucleotide polymorphisms (SNPs) in the H88273 cDNA sequence ( Fig. 2A) . Subsequently, we performed RT-PCR on RNA from five informative individuals with primers flanking the polymorphisms. Since two of the three SNPs introduced an RsaI or MnlI restriction site, restriction analysis was performed on the PCR products. Restriction digestion of the amplified products revealed only the paternally inherited allele ( Fig. 2B and C) . Because a diagnostic restriction enzyme site was not available, paternal expression was confirmed by direct sequencing of the PCR products in one individual heterozygous for the remaining C/G polymorphism (Fig. 2D ).
Paternal expression of LIT1 RNA in the KvLQT1 locus
Database searches revealed that the transcript represented by H88273 was located within intron 10 of the KvLQT1 gene and was transcribed in the opposite orientation from KvLQT1, indicating that it is an antisense transcript of KvLQT1. As previous studies have suggested that isoform 1 of KvLQT1 is maternally repressed in human fetal tissues (25) , we examined the expression profiles of different isoforms of KvLQT1 using isoformspecific PCR primers. As shown in Figure 3A , isoform 1 was expressed in various fetal tissues and was maternal specific in A9 hybrids. In contrast, expression of isoform 2 was restricted to heart and kidney, while no expression was detected in A9 hybrids. Tissue distribution of the antisense transcript was found to be very similar to the distribution of KvLQT1 isoform 1. In addition, further BLAST analysis of the GenBank dbEST identified nine additional ESTs located within a 60 kb region spanning exon 10 of KvLQT1 (Fig. 1B) . All of these transcripts were also orientated in the divergent direction to KvLQT1 and were found to exhibit exclusive paternal expression in A9 hybrids (Fig. 3B , and data not shown). RT-PCR analysis using primers for the distinct ESTs suggested that the paternally expressed ESTs were derived from the same transcript (data not shown). Furthermore, sequences from cDNAs corresponding to these paternally expressed transcripts did not exhibit extended open reading frames and introns, implying that the transcript is not translated, as is the case for the antisense RNA in the mouse Igf2 locus (17). These observations suggest that the KvLQT1 antisense RNA could extend over 60 kb, which is termed LIT1.
Maternal methylation at the intronic CpG island in the KvLQT1 locus
Analysis of the GC density of 300 kb from the KvLQT1 genomic region identified a region containing the 5' end of the AA359588 cDNA which has an apparently higher GC density than flanking sequences. Figure 4A indicates a GC-rich region that resembles mammalian CpG islands and two direct repeat clusters located within intron 10 of the KvLQT1 gene. It has previously been reported that differentially methylated regions often overlap or are adjacent to direct repeat clusters in the vicinity of imprinted genes (33) . To assess parent-of-origin-specific methylation of LIT1, we performed methylation analysis of a 40 kb region containing the intronic CpG island using A9 hybrids. A methylation-sensitive PCR assay revealed that the intronic CpG island was specifically methylated on the silent maternal allele, while no parent-of-origin-specific methylation was detected in the flanking regions (data not shown). Subsequently, the methylation status of the CpG island was confirmed by Southern analysis using the methylation-sensitive restriction endonuclease NotI. DNA was digested either with BamHI alone or by double digestion with BamHI plus NotI (Fig. 4B ). Partial digestion of the 6.0 kb BamHI fragment in normal human fibroblast DNA showed that the CpG island was methylated monoallelically. Consistent with this, the 6.0 kb methylated fragment was detected specifically in the hybrid with a maternal chromosome 11, demonstrating maternal methylation at the intronic CpG island.
Loss of maternal methylation at the intronic CpG island in BWS patients
Since the differentially methylated CpG island is located within BWSCR1, we investigated allelic methylation in 13 Japanese BWS patients. The analysis showed that the methylated fragment was absent in four of 13 patients (31%), suggesting no maternal methylation at the CpG island (Fig.  4B) . The remaining nine patients exhibited normal differential methylation. Interestingly, two of these were translocation cases (Table 1) , clearly demonstrating that the translocation at 11p15.5 did not affect LIT1 imprinting. Although we could not determine the allelic expression of LIT1 because no polymorphisms were available in the patients, it is plausible that loss of maternal methylation at the intronic CpG island results in biallelic expression of LIT1 and has direct or indirect effects on subsequent BWS phenotypes. In contrast to the intronic CpG island, an upstream CpG island located in the 5' portion of KvLQT1 was completely unmethylated on both parental alleles (Fig. 4C) . Digestion with the methylation-sensitive endonuclease SmaI gave the same results in all cases examined (data not shown), implying that maternal expression of KvLQT1 did not correlate with allele-specific methylation at the upstream CpG island. To address the question of whether loss of maternal methylation at the intronic CpG island relates to loss of imprinting (LOI) of IGF2, we examined the allelic expression of IGF2 in these patients. As illustrated in Figure 3C , two of two informative cases with abnormal methylation at the intronic CpG island showed normal IGF2 imprinting (patients 9 and 13). The results clearly demonstrate that LOI of LIT1 is not accompanied by LOI of IGF2 in BWS patients. In contrast to previous reports showing the frequent (67-82%) LOI of IGF2 in BWS patients (34, 35) , only one of six informative cases (17%) exhibited biallelic expression of IGF2 in this study ( Fig. 3C and Table 1 ). In addition, we also examined the methylation of H19 and found that the promoter region was hypermethylated in a patient with LOI of IGF2 (data not shown). This observation of LOI of IGF2 accompanied by abnormal methylation of H19 confirmed that of Reik et al. (36) , further supporting a crucial role of LIT1 in the development of BWS.
Normal imprinting of LIT1 in Wilms' tumors
LIT1 is the second paternally expressed transcript from 11p15, which provides the opportunity to investigate whether altered imprinting of LIT1 could play a role in cancers, similar to that of IGF2, and whether imprinting of IGF2 and LIT1 is coordinately regulated. We used two transcribed polymorphisms for this purpose, including that within H88273. The second, within AA331124, is reported separately (37) . We typed genomic DNA from 30 Wilms' tumors and identified eight heterozygous (informative) samples. RT-PCR was then carried out on RNA isolated from both normal and tumor tissues. Eight of eight cases showed monoallelic expression of LIT1 in both normal and tumor tissues (Fig. 5A and data not shown). Typing of parental DNA confirmed that it was the paternal allele that was expressed from both normal kidney and tumor samples ( Table 2) . We also examined methylation modification at the intronic CpG island. Methylation-sensitive NotI digestion was used in genomic Southern blot experiments. DNA was digested with either BamHI alone (Fig. 5B, lane 1) or by double digestion with BamHI plus NotI (Fig. 5B, lanes 2-4) . BamHI digestion generated a 6.0 kb fragment (Fig. 5B, lanes  1-4) , while BamHI and NotI double digestion generated a 4.2 kb fragment in the absence of methylation, using the cDNA clone 592241 as a probe, which corresponds to EST AA155639. The presence of both the 6.0 and 4.2 kb bands, with equal intensity, demonstrated differential methylation of DNA in these tumors (Fig. 5B ) and matched normal tissue (Table 2) , which was observed in all three tumors and matched normal kidney tissues examined. We also determined the imprinting status of IGF2 in these tumors and matched normal tissues. Consistent with our previous report (12), five of six 
Patient LIT1 IGF2
Allele-specific expression CpG island methylation Allele-specific expression (Table 2 , patients 2, 3 and 12), LIT1 was imprinted normally. Therefore, we conclude that imprinting of LIT1 is not altered in Wilms' tumor. This result contrasts with IGF2, which shows frequent LOI in Wilms' tumor (12) .
DISCUSSION
One of the main results of this study is that imprinting of LIT1 is not altered in Wilms' tumor, in contrast to IGF2, which shows frequent LOI. These results are most consistent with a two-domain model of imprinting of 11p15, which we elaborate in detail elsewhere (37) . We propose that there are two imprinting domains at 11p15, a centromeric domain containing TSSC3, TSSC5, CDKN1C and KvLQT1 and a telomeric domain spanning ASCL2, IGF2 and H19. We hypothesize that these two domains are regulated separately and that abnormal imprinting of the more telomeric domain, including IGF2, is primarily involved in human cancer. According to our model, the two domains would have overlapping but non-identical functions, consistent with Haig's parental conflict model (38) . Recently, a differentially methylated intronic CpG island, which is the promoter for a paternally expressed non-coding RNA, was demonstrated to be required for imprinted maternal expression of the mouse Igf2r gene (15) . Reciprocal expression of closely linked imprinted genes was also shown for the IGF2/ H19, UBE3A/AS-RNA regions (12, 13) , suggesting that mechanistic interactions, such as transcription competition between the reciprocally expressed gene pairs, might play a role in imprinting mechanisms. The major imprinting clusters on human chromosomes 11 and 15 contain a number of imprinted genes, which implies long-range regulation through common regulatory elements. Indeed, microdeletions in the 5' end of the SNRPN gene disrupt imprinting of the entire cluster lying within a 4 Mb region on chromosome 15q11-q13 (39, 40) . The recent observation that deletion of H19 in mice affects the imprinting of Igf2 and Ins2, but not that of Mash2, Cdkn1c and Kvlqt1, indicates that the telomeric genes could be regulated by a separate mechanism (41) . In addition, biallelic expression of IGF2 in a BWS family with normal H19 imprinting suggests an H19-independent pathway to the disruption of IGF2 imprinting (42) . By analogy with the imprinting cluster on human chromosome 15, it has been postulated that the BWSassociated translocation locus could disrupt an important imprinting element in the vicinity of KvLQT1 (43) . In this report, we have demonstrated that the paternally expressed antisense transcript LIT1 within the KvLQT1 locus was a direct target of methylation, as previously predicted by others (41) . Consequently, this imprinting cluster may be regulated by a somewhat complex mechanism involving antisense regulation.
The observations presented in this study also have important implications for understanding the molecular etiology of BWS. Previously, a considerable number of BWS patients have been reported to exhibit biallelic expression of IGF2, which is frequently linked to hypermethylation of H19 (34) (35) (36) . Germline mutations in CDKN1C have also been found in a minority of patients (44) (45) (46) . The present finding that loss of maternal methylation of LIT1 is not associated with LOI of IGF2 in BWS patients suggests a BWS pathway that is completely independent of IGF2, as discussed in detail elsewhere (37) . On the basis of transcription competition in the imprinted domain, we suggest that loss of LIT1 imprinting could cause silencing of the normally expressed maternal copy of a closely linked imprinted gene within the same centromeric domain. Alternatively, chromosomal translocations could separate the target gene from transcriptional regulatory elements which might be shared with LIT1 and locate telomeric to BWSCR1, resulting in an identical consequence. Thus, disrupted imprinting of LIT1 could contribute to BWS pathophysiology in a substantial number of patients not associated with loss of IGF2 imprinting. Although differences in the imprinting status of KvLQT1 have been observed in mice and humans (41, 43, 47, 48) , targeted disruption in mice could be used to test this possibility. To analyze the human 11p15.5 region, a shuttle system using DT40 cells that exhibit a high frequency of homologous recombination is also available (49) (50) (51) .
So far, four systematic screening systems have been developed for the identification of imprinted loci in mice (52) (53) (54) (55) (56) . In this report, we demonstrated that human monochromosomal hybrids provide a valuable resource for the efficient identification of imprinted loci in humans. We have identified at least one additional imprinted transcript on human chromosome 15 using this system of monochromosomal hybrids (M. Meguro, K. Mitsuya, M. Kohda, A. Kashiwagi, T.C. Schulz, H. Kugoh, M. Nakao and M. Oshimura, manuscript in preparation). A similar approach could also be applied to additional matched maternal and paternal pairs of human monochromosomal hybrids. In particular, early embryonic lethality has been demonstrated for both paternal and maternal uniparental disomies for mouse chromosome 12, suggesting the presence of multiple imprinted loci (5) . Imprinting effects have also been proposed for human chromosome 14q, which has significant homology to mouse chromosome 12 (6, 57) . More recent findings provided evidence for X-linked imprinted loci that affect the social cognitive abilities or the survival of male embryos (58, 59) . No imprinted transcript has been described in these chromosomal regions and the positional approach as described here could be useful for the identification of imprinted loci in the yet-to-be-characterized regions.
MATERIALS AND METHODS
Cell lines
Mouse A9 hybrids containing a paternal or maternal human chromosome 11 tagged with pSV2bsr were constructed by microcell-mediated chromosome transfer (29, 30) . Hybrid cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and 3 µg/ml Blasticidin S (Calbiochem, La Jolla, CA). Fibroblast and EBV-transformed lymphoblast cultures were obtained using standard procedures.
EST screen
Total RNA was extracted from frozen cells by guanidinium isothiocyanate extraction. First strand cDNA synthesis was carried out with an oligo(dT) 15 
Sequence analysis
DNA and EST database searches were performed using the BLAST programs on the NCBI server (http:// www.ncbi.nlm.nih.gov/ ). Genomic sequences from the KvLQT1 locus were filtered for human repetitive elements using RepeatMasker programs (http://ftp.genome.washington.edu/cgi-bin/RepeatMasker ). cDNA clones corresponding to human ESTs were assembled with the ESTblast programs (http://www.hgmp.mrc.ac.uk/ESTBlast/ ) and were obtained from Genome Systems (St Louis, MO) and the American Type Culture Collection (Rockville, MD). After correcting sequence ambiguities that were present in the human ESTs, PCR primers were synthesized and used to amplify cDNA fragments. Before sequencing, PCR-amplified DNA fragments were treated to inactivate the unincorporated primers and deoxynucleotide triphosphates in the samples. PCR products were mixed with exonuclease I and shrimp alkaline phosphatase (Amersham Pharmacia, Piscataway, NJ), followed by heat inactivation according to the manufacturer's recommendations. Pretreated PCR products were directly sequenced on both strands using ThermoSequenase (Amersham Pharmacia) on a LI-COR DNA sequencer 4200.
Expression analysis
Multiple human fetal tissue cDNAs (Clontech, Palo Alto, CA) were used as templates in a PCR reaction for analysis of KvLQT1 isoforms and LIT1. PCR products were separated on 2% agarose gels. Southern blot analysis was performed by the use of radioactively end-labeled internal primers as probes and analyzed with a BAS-2500 bioimaging analyzer (Fuji Film, Tokyo, Japan). For PCR amplification and internal probing, the following oligonucleotides were used: isoform 1, forward ( 
Assessment of allelic expression
cDNAs from normal human fibroblasts and lymphoblasts were amplified using the primers and amplification conditions described above. Endonucleases RsaI and MnlI (New England Biolabs, Beverly, MA) were used for restriction analysis of the PCR-produced DNA fragments. The C/G polymorphism in H88273 was analyzed by direct sequencing using the same primers. Controls for DNA contamination in the total RNA preparation were performed for all sets of primers with the same procedure as for RT-PCR, but without reverse transcriptase. The primers for imprinting analysis of Wilms' tumor patients using a polymorphism in EST AA331124 (37) were Lit105 (5'-GATCCTNTCCAGGCAGCTTCTTCCACA-3') and Lit205 (5'-CATAAGGTAGGTAAGTTTGTGTCCCTG-3'). The primers for polymorphisms in EST H88273 were Lit102 (5'-TCTGGTTCATGTCACTCTGTGGAGCAG-3') and Lit202 (5'-CTCCCAAAAGCAGAGTTTTGGCAATAT-3'). RT-PCR and sequencing of PCR products was used to analyze allele-specific gene expression. RNA was treated with RNasefree DNase (Boehringer Mannheim, Indianapolis, IN) before the reverse transcription reaction. Reverse transcription was carried out using AMV reverse transcriptase (Boehringer Mannheim). Reverse transcription reactions were always carried out in the presence or absence of reverse transcriptase. PCR reactions contained 0.5 µM primers, 0.2 µM dNTP, 50 ng DNA, 1× PCR buffer (Life Technologies) and 0.5 U Taq DNA polymerase (Life Technologies) in 25 µl and were performed with a Robocycler (Stratagene, La Jolla, CA) as follows: 40 cycles of 95°C for 45 s, 60°C for 30 s and 72°C for 30 s, followed by extension at 72°C for 10 min. PCR products were purified using QIAquick (Qiagen, Chatsworth, CA) and directly sequenced on an ABI377 automated sequencer. Allelic expression of IGF2 was assessed using an ApaI polymorphism, as described previously (60) .
Methylation analysis
The methylation status of the KvLQT1 locus was assessed by a methylation-sensitive PCR assay. Genomic DNA was extracted by standard phenol-chloroform extraction methods at Pennsylvania State University on February 23, 2013 http://hmg.oxfordjournals.org/ Downloaded from and digested with the methylation-sensitive endonuclease HpaII prior to PCR amplification. Primer sequences and reaction conditions are available on request. Southern hybridization was carried out to verify the methylation status of the CpG island, as described previously (29) . The probe used for Southern analysis of the CpG island upstream of KvLQT1 was generated from human genomic DNA by PCR (primers F, 5'-CCTCTACCCAGACATCCCATGGCTGAT-3' and R, 5'-CACAGGAGAGTTCGCCCTAGCCCTGTA-3') in the presence of GC Melt (Clontech). Genomic DNA was digested with BamHI plus NotI and electrophoresed on 0.8% agarose gels. The DNA was then transferred to Hybond-N + filters and hybridized with oligolabeled probes. For methylation analysis of Wilms' tumors, genomic DNA was also digested with BamHI or BamHI plus NotI. Digested DNA was extracted with phenol-chloroform, and ethanol precipitated. DNA was resolved on 0.8% agarose gels, transferred to Hybond-N + filters and fixed by UV crosslinking. Filters were hybridized with the cDNA clone 592241 probe prepared by the random priming method (61) . Hybridizations were carried out at 65°C overnight in Church-Gilbert buffer (0.5 M sodium phosphate, pH 7.2, 7% SDS, 1 mM EDTA). The filters were washed with 0.1× SSC and 0.1% SDS at 65°C.
